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EXPLORATORYTIHTSOFTRANSPIRNITONCOOIINGONA POROUS

8° CONEAT M = 2.05 USINGNITROGENGAS,JiEUUM

GAS,ANDw= AsTHECOOLANTS
ByIeoT.Chsminad HowardS.Carter

me’effectivenessoftranspirationcoou onm 8° tot~-angle
conicalbodyhavingaporoussldnispresentedforvariouscoolantmass
flowratesofnitrogengas,heliumgas,anddistilledwater.Thetests
weremadeundersteadyflowconditionsina freejetataMachnuniber
of2.05,smdataReynoldsnumberof8.oX 106basedonapproximately
se&levelconditionsandonthelengthofporoussectioninvestigated.
Goodagreementforthenitrogentestswasobtainedwitha theoryfor
transpirationcooling.HeliumgasgavetheS- reductioninheattrans-
ferforlessflowratethsnthenitrogengas. Tbstswithdistilledwater
gavea largereductionintheaverageskintemperature.Inthetrans-.
pirationtestsofthisreport,themciielwascompletelycooledfora
rateof3.57lb/min-ft2;whereasforthefilm-coolingtestscoolingthe
samemodelrequired3.78lb/min-ft2.

A referencetestwithoutcoolingwasmadetodeterminereqove~
factorswhichareinagreementwiththeoreticalvalues.

INTRODUCTION

%

Theaerodynamicheatingofbodiesatsupersonicflightspeedsh-”
beeninvestigatedexperimentallybymanyinvestigators,for exsmple~in
references1 and2. Itcm be seenfromreference2 that,fora transient
trajectorywheretheMachnumbervariedfrom0.55to5.18,themsximm
measuredskintemperaturewas1,2000F. Thistemperatureapproachesthe
temperaturelimitationsofstructuralmaterialscommonlyusedinthe
manufacturingofmissiles.HigherMachnumbersathigherReynoldsnumbers
forthin-skinmissilesmsybe limitedbythestructuralmaterialused. “

.
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A possiblemthodofreducingtheheattransferfromtheboundarylsyer
tothemissilesurfaceisthatofforcinga coolantthroughaporous
wall,therebydhinishingtheaerodymmicheattransfertothesurface.
AccorLW@Y,theLangleyPilotlessAircraftResearchDivisionhascon-
ductedexplorato~teststodeterminethevalueoftranspirationcooling
asameansofreducingtheaerodynamicheating.

Theoreticalinvestigationsoftheeffectoftranspirationcooling
havebeenreportedinreferences3 ml 4, sndsomeexperimentaltests
havebeenreportedinreference5,inwhichtheexperimentaldata,
althoughsubsonic,agreedwiththetheory-ofreference3. Thepresent
testswereconductedat”a Machmmiberof2.05andapproximatelysea-level
conditions.~ experimentsweremadeonan8°totd-mgw porouscone
wherenitrogengas,heliumgas,anddistilledwaterwereeachusedfor
thecoolant.
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velociw,ftjsec

aerodynamicheat-transfercoefficient,Btu/(see)(sqft)(%)

density,slug/cuft

*soluteviscosityofsir,slugs/ft-sec

thermalconductivity,Btu/(see)(sqft)(OJ?/ft)

specificheatatconstantpressure,Btu/(sl.ug)(OF)

temperature,OR

Stsntonnumber,h/c-@V

Reynoldsnumber,pV1/p

length,ft

sldn-frictioncoefficient

Prandtlnumber,~w/k

coolsntflowrate,slug/(see)(sqft)
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L latentheatofvaporization,Btu/slug

A surfacearea,sq ft

Subscripts:

m localconditionsoutsideboundarylsyer

8s? adiabaticwall

s isentropicstagnation

w conditionspertainingtowall

c “coolant

TESTAPPARATUSM@ ~DEL

PreflightJet

Thisinvestigationwasmadeinthepreflight-jettest~psratus
locatedattheLangleyPilotlessAircraftResearchStation,Wallops
Island,Va. Thistestfaci~tyisdescribedinreference6. TIEsir
supplywassufficienttoenablecontinuous-testingforapproximately
50secondsatthedesiredtestconditions.A shadowgraphsystemwas
provided

The

forflowobsemation.

Model

conicalmodelusedforthesetestsisshowninfimre1
installedinthetestpositioninthe8-inch-dismeterjet.- Details
ofthe-constructionofthemodelareshowninfigure2. Thetotal
apexmgleofthemodelwas8°. Theporoussectionthroughwhichthe
coolsntpassedwasweldedtoa solidtipofstainlesssteelatthe
3.6-inchstationandtoabrassringatthe12.&inchstation.~
poroussectionwasformedbyrollingsinteredpowderedstatnless-steel
sheet0.0323inchthickintotheformofa frustrumofa coneand
joiningbymeansofaweldedbuttjoint.Thelongitudinalwelded
buttjointproduceda nonporousstripapproximately1/8inchinwidth.
Thesurfaceareaoftheporoussectionoftheconewas0.1865squarefoot.

Thecompletespecificationsfortheporousmaterialaregivenin
reference7. Thosespecificationspertinenttothesetestsaregiven
SEfOllows: (1)Thenominalflowcqmci@wastobe40cubicfeetof
airperminutepersquarefootwithapressuredropof2poundsper
squareinch,(2)theopenings astorestrictthepassage“

,
.+. —— —- .—— —.— .—. - —
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ofparticleswhoselsrgestdiameterexceeded5 microns,(3) the apparent
densi~wasnottoexceed0.235pouredpercubicinch,and(4)theporom
materialwastobeclesnandfreefromforeignmateri-orexternal
defectsdetrimentaltofabricationorperformanceofparts.

Theactualmeasuredswfaceroughnesswas80microinchesrootmean
squarewhichwasobtainedby aprofilometerhavingaprobeofO.0~-inch
d.ismeter.

coolingE@t-em

Thecoolantwaspipedtotheporoussectionandthemsssrateof
flowwas=asuredbymans ofthesystemshowninfigure3. Forthe
testsinwhichdistilledwaterwasusedasa coolant,thewaterwas
forcedframthestoragetankbynitrogengasappliedthroughapressure
regulator.Thewaterpassedthrougha filter,ameteringorifice,and
thentotheporoussectionby apipeinsidethemdel. l?hepressure
dropacrosstheporoussurfacewassufficienttoinsurethatthecone
wascompletelyfilledwithwaterforalltheheat-trsmsfertestsreported.
Themassrateofflowofthewaterwascontinuouslymeasuredduringthe
testbyrecordingthepressuredropacrossthecalibratedmeteringori-
fice.Thepressuredropacrossthemeteringorificew madelargeconk
paredtoanyconceivEiblefluctuationincoolsntpressuredownstreamof
theorificetoinsureconstantmassflowrate.Thewatertemperature
inthemodelwasobtainedby applyinga calibratedcorrectiontothe
teqeraturewhichwasrecordedby a thermocoupleinstalledinthesupply
line. Thesupplyofcoolingwaterwaspetittedtoattdnapproximately
smbienttqeraturebeforeusetoinsuremininmnvariationofwater
temperatureduringthetests.

ForthetestsinWhichnitrogenandhelhunwereused,thewater{ tankandfilterweredisconnectedfromthesystemandthecoolantgas
waspipeddirectlytotheconefromseveraltanksofnitrogenorhelium,
whichweremanifoldedtogethertoinsureconstantsupplyforeachtest.
Themassrateofflowwasmeasuredby a thickflat-platesharp-edge
orificeasdescribedinreference8. Thegasteqeraturewasmeasured
by a thermocoupleinstalledinthesupplyhe andwasrecordedconthu-
ouslyduringeachtest.Toobtainthegastemperatureinthemodel,
thiSsupply-linegastemperaturewascorrectedwitha calibrationfactor
obtainedfromothertests.

TemperatureJ&3aurements

Inordertoprovidemeasurementsofthesldntemperatureofthe
model,atotalofK!iron-constantanthermocouplesmadeofNo.30gage
wirewereattachedtotheporousskin.Thethermocoupleswerearrsnged

.

.
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sothatsnythermocouplewssatleast900fromthelongitudinalseam.
Thelocationofthethermocouplesisshowninfigure2. The-thermocouple

1 inchapart,thefirstbeing. stationswerespacedapproximately
%

k.56inchesandthelast10.81inchesfromtheapex.!ilmeethermocoupks
wereinstalled900apartatstations5.81,8.31,smd10.81.ml thermo-
coupleswereinstalhlbyfusingthejunctiontotheinnersurfaceof
theporousskin.Temperaturegrsdientsthroughtheskinwereassumedto
benegligible.Theeffectofcoolantonthermocouplereadingswas-o
assumedtobenegligiblebecauseofthesmallcross-sectionalareaofthe
thermocouplewiresincomparisonwiththeporous-surfacearea.Thether-
mocoupleleadswerets&n outthro@hthebaseofthemdel anddownthe
rearofthemodelsupportstrutasshowninfigure1. Inordertopre-
ventanyl.eaksgeofthecoolantthroughtherearofthemodel,thether-
mocouplelesdsweresealedintoametalsleeve.Pressuresealswerepro-
videdontheoutersurfaceofthesleevetosealthecoolsnt.A common
coldjunctionwssprovidedforallthermocouples.continuoustim his-
toriesofthethermocouplepotentialswereautomaticallyrecordedduring
thetestsonmltiple-channelrecordinggalvanometers.Allautomatically
recordedmeasur-ntsweret- synchronizedby a lo-cycle-per-second
electricaltimingsystem.

T133TS

.

Alltestswere
angleofattackand

performedwiththemodelmountedinthejetatzero
yawandwiththenosetipapproximately3 inches

,, insidethenozzleasshowninfigure1. Thetestswerema& ina free
jetat M = 2.~ andatapproxhatelysea--l conditions.

Thetestswereperfomnedbysettingthemassrateofflowofthe
coolantandthenstartingthesupersonicjet.Approximately~ to8 sec-
ondswererequiredforthejettoest~lishsteadyflowfromthenozzk
at M= 2.Q5.Steadyflowwasmaintaineduntilseveralsecondsafter
themeasurementsofskintemperatureindicatedthatthemodelhadattsined
essentiallyequilibriumtemperature.The$mriationoftemperatureof
approximateIy1°persecondwhichoccurredattheendsofthetestswere
negligibleincomparisonwiththetemperaturesmeasured.Dataarepre-
sentedforfourtestsusingnitrogengasasthecoolant,threetests
usingheliumgasasthecoolsnt,andfourtestsusingdistilledwateras
thecoolant.Alltestsweremadeforvariousratesofcoolsntmassflow.

Toprovideabasisforevaluatingtheeffectivenessoftranspiration
cooling,a testwasperformedwithoutcoolant.Thistestprovided
measurementsofrecove~factor.

.

. .-
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REXIU!SANDDIWUSSION ,

ReferenceTestWithoutCoolant

Theboundary-lqerrecoveryfactoris

Tw-Tm

definedas

(1)

Theeffectsofradiationandtheeffectsofheatconductionalongthe
skinontheheattransferwerecalculatedandfoundtobenegligible
comparedtotheheattransferredtothesldnfromtheboundsrylsyer.
Theairinthestoragespheresandthesupplyofheatintheheat
exchangerofthepreflight-jettestapparatuslimitedthedurationof
testsundersteadyflowconditionstoabout50secondssothatequilibrium
conditionscouldbe approachedcloselybutnotexactlyattained.The
measuredratioofsldntemperaturetostagnationtemperatureforeach
thermocouplewasplottedagsinstthereciprocaloftimeandthenearly
Wear curvesoobtainedwdsextrapolatedtoinfinitetime.Therecovezy
factorswerecomputedforthevaluesoftemperatureatMinite timeso
obtained.Therecoveryfactorsareshowninfigure4 plottedagainst
thedistancefromtheapexofthecone.Forconqmrisonisshownthe
theoreticalrecoveryfactorfora turbulentboundarylsyerwhichisequal
to Pr#3, basedonthewalltemperat~.Thecloseagreement’ofthe
recove~factorswiththetheoreticalvalueindicatesthatthebound~
lsyerwasturbulent.

“

.

Boundary-lqyertransitionontheconewasassumedtooccur3.5inches
fromthenosetip(R=4 X 1.06)because,atthisstation,roughnessdue
totheweldingoftheporousconetothesolidtipwas~proximately
0.01inchhighandtheshadowgraphindicateda shockwaveemsnatingfrom
thisregion.Figure5 isa shadowgraphtakenduringanitrogencooling
testwhichshowstheshockwavesemsnatingfromthe3.5-inchand12-inch
stationsduetowelds,fromtwointermediatestationsduetoshockreflec-
tions,andfromthebaseofthefsiredsupport.ThetestReynoldsnumber
basedonthelengthfromthe3.5-inchstationtothelastmeasurement
station,andonconditionsoutsi”detheboundarylsyerw approximately
8 x 106for~1 thetests.

Testswithcoolants

Theplqwicalconceptof
cussedinreference9 andis

transpirationcoolingwithgasesisdis-
brieflyrestatedinthefollowingparagraphs.
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Fortranspirationcoolingwithgases,the
sidesurfaceiscontinuouslyrenewedsndthere

coolingfilmon
isa continuous

7

theout-
movement

ofthegasawsyfromthesurface,becausenewcoolantiscontinuously
forcedthro@-theporesandthenleavesthesurface.A counterflowis
thuscreatedbetweentheheatflowingfromthehotboundarylayertoward
thesurfaceandthegasflowingawsyfromthesurface.Thegascontinu-
ouslycsrriesheatawsyfromthesurfacebyconvectionandinthisway
decreasestheoverallheattransfertothesurface.

Forsteady-stateconditions,therateatwhichheatisabsorbedby
thecoolinggasthroughsnelementdA ofthe-ace is,forconditions
whereradiationnormaltothesurfacesndconductionalongthesurface
arenegligible,

WCP(TW- Tc)dA (2)

whereTw isthefinaltemperatureofthecoolantandequaltothewall
temperature.Therateatwhichheatisconductedfromtheboundarylqyer
throughthecoolsmtfilmtothesurfaceisdefinedwithaheat-transfer
coefficientbytheexpression

h(T= - &)dA (3)

h theaboveexpressionTm wssobtainedfromthetestwithoutcoolant.
Forthetestswithtitrogenandhelium,T= wascorrectedfortheeffect
oftranspirationrateontherecoveryfactorasshowninreference4.

Equat+ngtheheat*sorbedbythecoolant(expression(2))tothe
heatfromtheboundarylayer(expression(3))andsolvingfortheaero-
dynamicheat-transfercoefficientgives

Theaboveexpressionfortheheattrasferisonlytrueifradiation
normaltothesurfaceandconductionofheatalongthesurfacearenegli-
gible.Theseeffectswemscalculatedandfoundtobeoftheorderof
0.2percentoftlwaerodynamicheattransferred;thisvaluewasconsidered
tobenegligibleforthesetests.

Forthecasewherea coolantsuchaswaterhasa chsngeofstate,
a lsrgereductionofheattrsnsferwouldbeobtainedbytheheatof
vaporizationifboilingtookplacewithintheporousskin.Equation(4)
wouldthenbe

(5)

. . .---. —. . . ... .. —.-.-— —- .— .—. .—-. .—— . ..— —.. ———. .
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whereF isthefractionofwaterevaporated.However,sticethesmount “’
ofvaporizationinthesetestswasnotknown,thereductionofheat-
transferdatawasaccomplishedbyuseofequation(4)whichneglectsthe
heatofvaporization.Theheat-transfercoefficientssoobtainedthus
representamininmmendsrevalidonlyifvaporizationdidnotexist.

titale I,themessuredskintemperaturesandotherdatapertinent
tothetestsarepresented.Itisseenthat~al-temperaturedifference@
existedandthata consider~l.edifferenceintheskintemperaturealso
occurredaroundthecircumferenceatsomestations.Thesedifferences
couldhsxebeencsnsedbythenonuniformporosi@oftheporousmaterial.
Aftertheinvestigationoftranspirationcoolingwssconcluded,thetest
withnocool=twasmileinwhichthemodelreachedapproximatelyequi-
libriumtemperaturesndinwhichthethermocouplesindicatedaboutthe
s= skintemperaturetotithin10°F..Thisagreementverifiedthat
thethermocouplesweremeasuringthecorrectsti temperatureduring
transpiration-cooledtestssndthatthedifferenceinSW temperaturefor
thetranspiration-cooledtestswasduetononuniformporosityofthesldn.
Becauseofthisvariationofskintemperature,itWSEfeltthatpresenting
theaversgeheat-transferdataforvwiouscoolmtflowrateswouldshow
theoveralleffectivenessoftranspirationcooling.~ figure6,the
averageheat-transferdataarepresentedforthetestsinwhichnitrogen,
helium,anddistilledwaterwereeachusedesthecoolsnt.Theswersge
heat-transfercoefficientsarepresentedastheratioofStantonnum-
ber ~ tothetheoreticalCK?=Ofornocoolantflowona conefor
a turbulentboundarylayer.Thisratioisplottedssa functionofthe
coolsntflowratedividedbythelocal(outsidebound~ lqfer)stresm
massflowrate.Thetheoreticalvalueof *+ fornocoolantflow

ona conewasobtainedfromreference10andmodifiedaccordingtorefer-
ence11whichstatesthat ~+ = 1.2kCf/2.Thelocalvaluesofheat-
trsnsfercoefficientssoobtahedthenwereintegratedoverthelen@h
oftheporoussectionoftheconeandanaveragevalueof ~ was
calculated.Theaverageheat-transfercoefficientsaspresentedinfig-
ure6 msyhemsbeenmorevalidiferupiricalresultscouldhavebeenused
asabasisforcomparisonwiththetheoryinreference3.~However,it
isfeltthatthetheoreticalbtiiswhichwasusedissufficientinthese
exploratoryteststoshowanymajordeviationsfromthetheoryandis
alsoadequateasabasisonwhichtocomparetherelativeeffectiveness
ofthethreecoolantsused.

Forthetranspirationtests,theskin-temperaturemeasurementsshown
int~le Iwerefsiredby consideringboththeradialendtheadalvari-
ationsintemperature,andthelocalvaluesoftheheat-trsmsfercoefficient
werethencalculatedfromequation(4).An averagevalueoftheheat-
transfercoefficientwasobtainedbyintegratingthelocalvaluesover
thelengthoftheporouscone,fromwhichanaveragevalueof CH wss

...

.—. .— .—.
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thencalculated.Infigure6,theresultsobtainedfromthisinvesti-
gationareshownforvariousflowratesofnitrogen,heU@, anddis-
tilledwater.Thedataforthetestwithnitrogenata Tw/&= 1.5
and & - 8X 106 basedonthelengthfromthestartofporoussection
tothelastmess~t stationareingoodagreementwiththetheory
fromreference3. Thistheorywssdevelopedfortranspirationcooling
withair,andcomparisonwiththenitrogentestsonlyisvalidbecause
nitrogenandairhaveaboutthesamethermodynamicproperties.Thedata
showa reductionintheheat-trsnsfercoefficientofapproximately37per-
centfora flow-rateratioof13.6x 10A fornitrogen,whereashelium
gaveapproximatelythessm reductioninheat-transfercoefficientfor
aboutone-thirdtheflowrate.Thisdifferenceinheat-transfercoef-
ficientwasexpectedsincethespecificheatofheliumisaboutfive
timesthespecificheatofnitrogen.Thethermdynticpropertiesfor
thecoolsntswereobtainedfromreference12.

M showninthelowerpartoffigure6, a largereductioninheat
transferwasobtainedbyusingwaterforthecoolant.Theheatbalance
wssmadefortheheatabsorbedbythecoolantinrisingfromtheinitial
temperaturetowalltemperature,disregardinganyheatabsorbedfrom
vaporization.Forallthesetests,itwssobsemedthatawaterfilm
existedontheoutersurfaceofthemodel.Theheattransferisshown
forvsriouswaterflowratesthatcooledthemodelto~out1400F for
thelowestrateand125°F forthehighestrate.

In figure7,
shownintheterm

flowratio.This
temperaturefora
R=8.OX 106for

theaverageskin”temperature
Tv- Tc
Tm - Tc @ isplottedas

figureprovidesa simplew~
transpiration-cooledconeat
thevariouscoolantsshown.

fromthe testresultsis
a functionofthemsss-

Ofpredictingtheskin
M= 2.05 ma

Figure8 showsthetemperaturetimehistomforawater-coom
testha- a lowerrateof-coolantflow(O.0074Ib/see)thanthose-pre-
sentedinfigure7. Thefigureshowsthatmostofthethermocouples
werecoolerthantheboilhgpointofwater(2120F). Hbwever,thermo-
couples7,9,11,and12atsom time@ringthetestindicatedskin
temperaturesof4000to5000F. Thisriseoftemperatureonthesefour
thermocouplescsmbe accountedforbytheorientationofthecone.The
blackdotsontheconeasseeninfigure1 showthelineofthermo-
couples1,3,5,7,9,and11toberotatedclockwiseapproximately30°
fromtopcenterfacingupstream.Itcsnbeseenthatforthislowrate
offlow,thewaterdidnotcompletelyfilltheconeandthatawater
linecouldhaveetistedjustbelowl%ermocouples

Theareabelowthewaterlinewhichexisted
testwasestimatedtobe0.13squarefoot,which

.
‘-”~

7Y9>11,and12.

intheconeforthis
wasapproxhateIy

. -. —-------- ———--.————.- .—. ——— ——— —— --—-— ———— .—— ——
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.

70percentofthetotalareaoftheporoussectionofthecone.The
actualflowrateperunitsreabelowthewaterme wasunlmownbecause
S- waterwasbeingwaporatedfranthewatersurfaceinthecone.
Becauseofthisuncertain~intherateofflow,noheattransferwas
presentedforthistest.

Bycomparingtheseresultsoftranspirationcoolingwithwaterwith
thatofthefilm-coolingtestsofreference6,itcanbeseenthat,in
ordertocompletelycoolthessmemodelbytranspirationcooling,a rate
of3.57lh/min-ft2ofcoolantwasregylredfor Ta - ~ = 436°F,whereas
forfilmcooling,themeth@ofreference6, for TW - T+= 380°F, a ‘
rateof3.78lb/min-ft2wasnecessary.A rateof2.75lb/min-ft2is
quotedinreference6 fora casewherecoolingwasachievedforonly
3 inchesaftofthepointofinjection.Itisfeltthatiftheporosity
ofthematerialusedinthetranspiration-coolingtestsreportedherein
wasreducedsothattheconewouldbe completelyfilledtithwater,a
stilllowerrateofflowwouldgiveapprofitelythessm cooling.

CONCILJDINGREMARKE

Theexploratorytestsoftrmspirationcoolingonaporousconeat
a MachnuniberofQbout2 andapproximatelysea-levelconditionsshowthe
effectivenessofnitrogen,helium,andwaterusedascoolants.

Theaverageheat-transfercoefficientsforthetestsusingnitrogen
gasforthecoolantwereingoodagreementwiththepredictionsfrom
theory.A reductionof37percentwasobtsinedfora givennitrogen-gas
flowrate;wheress,forcoolingwithheliumgss,whichhasamuchhigher
specificheat,thessmereductionwasobtainedwith*outone-thirdthe
massfluwrate.Transpiration-coolingtestswithwatergavea large
reductioninsweragewalltempersimrefora flowrateof3.57lb/ndn-ft2.

tithetranspirationteststheconewascompletelycooledfora
rateof3..57lb/min-ft2,whereascompletecoollngofthessmenosefor
filmcoolingrequired3.78n/min-ft2.

Itisfeltthatapprox3n&el.ythessm reductioninheattransfer.
couldbeobtainedfora lowerwaterratebydecreasingtheporosityof
theporouswalltol@eptheconefilledWith water.

——— ——.



Boundary-layerrecoveryfactorsmeasuredfor“atestinwhichno
coolantwasusedareinagreemntwiththetheoreticalvaluefora tur-
bulentboundarylsyer.

LsngleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronmtics,

langleyField,Va.,MarchI-6,1955.
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Figure 1.- Rnwus cone nmmbd in the free Jet.
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